The diffusion coefficients of ions are measured in a microchip filled with a cationic charged 3D hydrogel in order to study the effect of cationic charged 3D hydrogel on the diffusivity of ions. In this study, poly-diallyl-dimethyl-ammoniumchloride (poly-DADMAC) is used to produce a 3D hydrogel. Four different fluorophores are used in the 3D hydrogel rhodamine 6G, rhodamine-BSA, fluorescein isothio-cyanate (FITC) and FITC-BSA. The rhodamine 6G and rhodamine-BSA are positively charged (cations), while fluorescein isothio-cyanate (FITC) and FITC-BSA are negatively charged (anions). Two widely used techniques which are short time diffusivity measurement technique and long time diffusivity measurement techniques are used to measure the diffusion coefficients. For the short time measurement, Fluorescence recovery after photo-bleaching (FRAP) is used by a 3D confocal microscope. For the long time measurement, fluorescence images are taken for 11 days to observe a pure diffusivity without any convective movement. As a result, the diffusivity of the cations was found to be lower than that of the anions in the cationic charged hydrogel.
Introduction
Hydrogels, also well known as aquagels, are composed of a three-dimensional network of hydrophilic polymer chains. Hydrogels can be used to deliver soluble or immobilized signals to the cells, act as support structures for cell growth and function, and provide space filling for the future tissue ingrowth. It is highly absorbent and therefore can swell or shrink by absorbing or emitting water [1] [2] . Hydrogels are commonly used as scaffolds in tissue engineering [3] [4] and as biosensors that respond to certain molecules such as glucose or antigens [5] . In addition, they have been used to release drugs in drug delivery systems [6] [7] .
These key features of hydrogels such as swelling and shrinking under water have been rapidly studied as potential materials for various biomedical applications [8] [9] [10] [11] . In many cases, hydrogels have been applied as a 'stealth material' since it is inert to most biological molecules such as proteins. Various molecules can be encapsulated in the hydrogels. Since hydrogel molecules are inert and do not bind with most chemicals, drugs or other proteins, a variety of molecules can be released from hydrogels based on the molecular diffusion rate as well as the pore diameter of the polymetric network. Diffusivity in hydrogels is of significant importance in mimicking the actual biological environment. Besides molecular weight or size, diffusivity can be affected greatly by the polarity or electric charge density of the bio molecules and hydrogels.
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There are a variety of studies on measurement and analysis of diffusivity of molecules in hydrogels for biomedical applications.
In 1985, Lee examined both experimentally and theoretically the kinetics of drug release from hydrogel matrices. He found that the release of water soluble drugs from initially dehydrated hydrogel matrices generally involves the simultaneous absorption of water and desorption of drug through a swelling-controlled diffusion mechanism [12] . In 1993, Merrill et al. experimentally determined the ratio of diffusion coefficient in hydrogels of poly ethylene oxide(PEO) and diffusion coefficient in free solution. They found the effective diffusion coefficients of oxygen, hydrogen peroxide and hydroquinone in a hydrogel under steady state conditions. In their study, the diffusion rate for the materials was independent of the degree of cross-linking of the hydrogel [13] . In 1996, Li et al. determined diffusion coefficients for relevant solutes [ranging in size from oxygen to immunoglobulin G (IgG)] into and out of agarose and alginate gels. They show that the determination is highly reproducible and useful for gels crosslinked in the cylindrical geometry in order for studying transport through matrices used in cell immobilization [14] . In 1997, Matsuyama et al.
examined diffusion and portioning of solutes which have various molecular weights in poly(vinyl alcohol) hydrogel membrane. The solute diffusion through swollen gel membrane was analyzed by the equation based on free volume theory and the efficiency of the proposed analysis equation was confirmed by the experimental results of the effects of solute size and water volume fraction in the membrane [15] . In 2006, Liang et al. conducted the determination of proteins' diffusion in agarose hydrogel at body temperature using their insitu refractive index method. They found that the diffusion coefficients of proteins decrease with the increase of the concentration of agarose and the solute molecular size [16] . In 2009, Koutsopoulosa et al. showed that the release kinetics for a variety of proteins of wide range of molecular mass, hydrodynamic radii, and isoelectric points through a nanofiber hydrogel scaffold consisting of designer self-assembling peptides by using single-molecule fluorescence correlation spectroscopy (FCS). Their results showed that this biocompatible and injectable designer self-assembling peptide hydrogel system may be useful as a carrier for therapeutic proteins for sustained release applications [17] . In 2010, Park et al. presented an approach to generate microporous cell-laden hydrogels for fabricating biomimetic tissueengineered constructs, and characterized the physical, mechanical, and biological properties (i.e., microporosity, diffusivity, and cell viability) of cell-laden agarose gels as a function of engineered porosity. In their study, microporosity within agarose gels can also control diffusion profiles that significantly affect cell viability in the medium perfusion condition [18] . Recently, in 2015, Lopez-Sanchez et al. studied diffusion of macromolecules in selfassembled cellulose/hemicellulose hydrogels using fluorescence recovery after photobleaching (FRAP). They investigated the diffusivities of a series of fluorescently labelled dextrans of different molecular weight, and proteins including a plant pectin methyl esterase (PME) [19] . In the same year, Patra et al. showed the Diffusion of Moisture from Hydrogel Scaffold with Induced Porosity from Self-Assembled Bubbles. In their study a mathematical model was used to derive an effective diffusivity of the scaffold as a function of the moisture content [20] .
Although a variety of experiments on diffusivity in various hydrogels are conducted, the diffusivity has been mainly determined in terms of the mechanical properties of hydrogels such as molecular weight or size, mass and pore size of the matrix as well as porosity of hydrogels.
However, in many cases, since there are electric interactions between the molecules and the matrix of hydrogels under specific charge conditions, the electric forces hinder diffusivity of molecules from hydrogels or enhance diffusivity of them. we experimentally found that the diffusivity of molecules is also highly dependent on the charge conditions of both molecules and hydrogels. In this study, the diffusion coefficients of charged molecules are measured in a cationic charged 3D hydrogel by using microchips in order to study the interaction effect of charge conditions of hydrogels.
Diffusion coefficients of fluorophores with electric charges in poly-diallyl-dimethylammoniumchloride (poly-DADMAC) hydrogels have been used to measure diffusivity of charged molecules.
Fluorescence recovery after photo-bleaching that has been widely used to quantify the two dimensional lateral diffusion of fluorescent molecules was utilized to measure the diffusion coefficients of fluorophores. In addition, a long-term diffusivity test was also conducted to compare the results that were obtained by FRAP.
Experimental Methods

Microchannel fabrication
The procedure for the fabrication of the microchannels used for the measurement of diffusion coefficient is based on a photo lithography method widely used to make PDMS microchips. Briefly, for a pattern replica, the SU-8 2035 as a negative photoresist is coated on a silicon-wafer substrate using a spin coater. The spin rate was controlled and programmed according to the processing guidelines of MICROCHEM for the desired channel thickness and coating quality [21] . For the PDMS channel, the PDMS pre-polymer and curing agent 6 (Sylgard 184; Dow Corning, Midland, MI, USA) were uniformly mixed at a ratio of 10:1, and degassed to remove bubbles inside the PDMS mixture. The PDMS mixture formed on a master silicon substrate was cured in the oven. After the curing process, the cured PDMS was carefully peeled off from the Si-wafer substrate. The PDMS channel had holes as reservoirs at the end of the channels. The PDMS with a channel pattern and a slide glass for the bottom of the channel were bonded by treating it with the plasma cleaner. Figure 1 shows a schematic and a picture of the fabricated microchannel. The height of the channel is 25 μm and the total height of the PDMS mold is 0.8 mm for this experiment.
Poly-DADMAC synthesis
A poly-DADMAC solution was synthesized by using 4. Bovine serum albumin (BSA) was conjugated to each fluorophore in rhodamine-BSA and FITC-BSA. The molecular weight of BSA is 66,463 Da, and its size is 140 × 40 × 40 Å [22] .
We used BSA-conjugated FITC to verify our FRAP system. The diffusivity of FITC-BSA in 2% agarose gel is 64 ± 4 μm 2 /s [23] . Hence, we could conclude that our system could generate reproducible and reliable data if we could obtain a similar result. Rhodamine-BSA was used to compare it with FITC-BSA because both were conjugated with BSA but had opposite polarities. Thus, the blocking effect of poly-DADMAC would be observable by comparing the diffusion coefficients of both materials. Fluorophores were conjugated to amino acids in BSA, which consists of 607 amino acids.
Fluorescence Recovery After Photobleaching
Fluorescence Recovery After Photobleaching (FRAP) is an optical technique that is used to quantify the two dimensional lateral diffusion of fluorescently labeled molecules. If a region of interest (ROI) is bleached by a high-intensity laser, molecules in the ROI are replaced by nonbleached molecules that are located outside of the ROI because of diffusion that is a result of the Brownian motion of the molecules [24] . First, the intensity of the 8 fluorescently labeled sample is measured by using a low-power beam. Next, the fluorescently labeled molecules are bleached quickly by a high-power beam. The ROI diameter is usually selected to be between 1 μm and 100 μm; diameter of 80 μm was used in this experiment.
After photobleaching, diffusion from the other regions to the ROI is monitored by using the low-power beam. The intensity recovery curve of the photobleached area is fitted to a suitable FRAP model from which the diffusion coefficient D of the sample molecules can be determined. The light intensity of the photobleached area cannot be exactly same as that of the unbleached area because some parts of the bleached area are not replaced by intact fluorophores. Thus, it is little lower than the initial intensity [25] [26] [27] . If the light exhibits a
Gaussian profile, then the diffusion equation for the molecules can be determined according to the following three theories.
The first theory is the single exponential method:
This method supposes that the intensity recovery curve follows an exponential curve. I(t) is the intensity of the ROI that has been normalized to the region that was not influenced by the bleaching because it was far enough from the ROI. I(∞) is the intensity of the plateau level.
, which is called the characteristic diffusion time or half maximum time. It is the time over which the intensity of the ROI recovers to half of I(∞). The diffusion coefficient could be calculated by using the following equation [28] :
Where D is the diffusion coefficient and ω is the diameter of the ROI. The second method is the Soumpasis diffusion fitting method [29] :
The Soumpasis method tries to determine the exact diffusion coefficient by assuming that the intensity recovery curve can be expressed by two equations rather than a single equation.
However, the two equations originate from a theoretical prediction and exhibit errors when 
We employed Ellenberg's empirical equation to calculate the diffusion coefficient in our experiments.
We used a FV1000 (Olympus 
Long term diffusivity experiment
The long term diffusivity experiment is an alternative method to measure the diffusion coefficients of fluorescent materials. Although FRAP can be used to measure the local diffusivity of a material, the long term diffusivity experiment can be used to measure realistic diffusion speeds in a microchannel. The PDMS microchannel is a fully open cavity from the inlet to the outlet. The Poly-DADMAC is loaded into the channel through the use of the capillary force. The photoinitiator added to the Poly-DADMAC allows it to be cured by UV irradiation at 10 Watts for 10 seconds. After UV curing, the channel will appear clogged with Poly-DADMAC, but the Poly-DADMAC has a porous structure through which the fluorophores can diffuse through. The 20 µL of each of the four fluorophores are loaded onto the inlet of the PDMS channel. In order to maintain constant density of the materials at the inlet, a thermohygrostat was used. The materials were added to the inlet once every 24 hours to prevent dehydration, and the diffusion of the materials towards the outlet was observed.
The fluorescence intensity of the microchannel at 2.5 mm intervals was measured every 2 days from day 1 by taking a photo using the microscope and the diffusion coefficient was calculated from the fluorescence intensity.
Results
FRAP
First, we measure the diffusivity of FITC-BSA and rhodamine-BSA in the 2% agarose gel to validate the accuracy of our FRAP system. Fig. 3 shows the recovery curve of FITC-BSA after bleaching.
The diffusivity of FITC-BSA was calculated to be 58 ± 3 μm 2 /s. This was 8% in error when compared to the value of 64 ± 4 μm 2 /s that was obtained from a reference paper. The error may take place from specimen, microscope and a curve fitting method, etc., but the 8% error is acceptable for measuring the diffusion coefficient in liquid phase [31] . The diffusivity of rhodamine-BSA was 60 ± 3 μm reasonable because agarose gel is a nonpolar material and the error rate with respect to the reference value was 5%. Thus, we concluded that our FRAP system provided valid results.
Next, we measured the diffusivity of rhodamine 6G, FITC-BSA, and FITC in the poly-DADMAC by using the same conditions as for the previous experiment. For the case of negatively charged Rhodamine and Rhodamine-BSA, their charge causes slow diffusion within the positively charged ion exchange resin, poly-DADMAC. Additionally, the FRAP test came out to be inconclusive for Rhodamine-BSA due to the lack of recovery after bleaching step. Although Rhodamine did recover after bleaching, increased mass and size of Rhodamine-BSA due to the conjugation of BSA seems to have lowered recovery rate Rhodamine-BSA far below the measurable amount. Using the graph, the diffusivity of each fluorophore in poly-DADMAC was calculated ( Table   1 ).
The diffusivities of rhodamine 6G and rhodamine-BSA were much smaller than those of FITC and FITC-BSA. This was because rhodamine has a positive charge while FITC has a negative charge. Also, FITC-BSA diffused more slowly than FITC because its molecular weight was higher than FITC due to the conjugated BSA. Rhodamine 6G diffused the most slowly and FITC was the fastest in poly-DADMAC.
Long term diffusivity experiment
By carrying out the long term diffusivity experiment, we were able to obtain realistic diffusion speeds for the fluorophores in the microchannel. Fig. 5 shows fluorescence microscopy images of FITC-BSA as it diffused through the microchannel. The images were taken every two days. The light intensity at 2.5 mm intervals from the inlet was measured and the diffusivity was calculated by using this information. Fig. 5(a) shows that the fluorophores diffused faster on day 1 than the other days because of the concentration gradient. This meant that the ratio of the concentration to the distance between two points as well as the diffusion velocity were proportional to the concentration gradient. The concentration gradients in the early days were higher than those of the later days, and thus the diffusion velocity decreased during the experiment. Table 2 . The diffusion rate differences due to varying PDMS channel widths are indicated in the table 3. In this study, the diffusion rate differences are calculated as the obtained diffusion coefficients for different channel widths are compared with the average diffusion coefficient for each case. The increase in the average diffusion rate was observed as the channel width was increased. Additionally BSA conjugated fluorophore seem to have smaller differences.
Rhodamine-BSA was the slowest material with diffusion coefficient of 1.323 μm 2 /s, while FITC was the fastest material with a diffusion coefficient of 5.622 μm 2 /s. FITC was the fastest at diffusing followed by FITC-BSA, rhodamine 6G, and rhodamine-BSA for both FRAP and the long-term diffusivity experiment. The relative order of the diffusion coefficients were the same for both FRAP method and the long term diffusion tests.
However, the calculated diffusion coefficients of the fluorophores were different between the hydrogels. The effect of the non-uniform porosity of 3D hydrogels is smaller in the FRAP method due to the radial diffusion of the fluorophores, but greater in the long-term diffusion test due to its linear diffusion mechanism. In addition, another difference was that the diffusion velocity decreased as time progressed by long-term diffusivity test method.
Although the different diffusion coefficients are obtained from the two methods, the orders are identical. In addition, we can take the values of the diffusion coefficient from the FRAP rather than the long-term diffusivity test if we consider the local diffusion coefficients without considering the uniformity of hydrogels.
Diffusion coefficients for FITC and FITC-BSA were not much different from each other as seen by the long-term diffusivity test. Therefore, the pore size of poly-DADMAC should be much larger than the size of BSA. Poly-DADMAC has pores interspersed in a uniform structure and thus the fluorophores were affected when they travelled through the pores.
FITC and FITC-BSA were not influenced very much by the cation because they had negative charges. However, the diffusion coefficient of rhodamine-BSA was much smaller than that of rhodamine 6G. Rhodamine 6G is smaller than rhodamine-BSA and thus the cations in rhodamine-BSA might have been influenced more than those in rhodamine 6G when the molecule passed through the pores in the poly-DADMAC. FITC-BSA seemed to be able to pass through the pores of poly-DADMAC faster than rhodamine-BSA because FITC has negative charge.
Conclusions
In this paper, the diffusion coefficients of biomaterials with different charge conditions in poly-DADMAC were measured to study the effect of the cationic poly-DADMAC as a 3D
hydrogel. FRAP and a long-term measurement method that involved using a microchannel were employed to measure and compare the diffusion coefficient of each fluorophore. We demonstrated that the diffusion coefficients of the cations were smaller than those of the anions in poly-DADMAC because of the cations that were trapped in poly-DADMAC. 
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